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Abstract

The experiment measured various parameters for a gas turbine at intervals of 5000
RPM’s from a minimum of 60000RPM to a maximum of 80000RPM. In this experi-
ment, the main objective is to analysis the performance and efficiencies of the cycle
as well as certain components within the gas turbine using the cold-air and air stan-
dard analysis. A relationship between thrust generation, fuel flow with respect to en-
gine speed was shown that as the fuel flow increased the thrust generation increased.
Also, it was seen that at all speeds the calculated thrust is always more than the actual,
this demonstrates that the general peration of a gas turbine can never met anticipated
performance values due to losses and irreversibilities. The equipment used was the
S-R 30 turbojet engine and varies thermocouples and pressure sensors to measure
temperature and pressure. These were then linked to a portable computer equipped
with data acquisition software which recorded various parameters at 3 second inter-
vals. The pressure ratio across the compressor increased to a maximum of 3. This
led to efficiencies between 30% - 51% for the compressor. The compressor efficiency
is also completely dependent on its pressure ratio. The turbine efficiency and other
performance parameters for the turbine were inconclusive as there was a fuel delivery
issue which lead to incomplete combustion. The SFC (Specific fuel consumption) ex-
pressions the fuel efficiency of the engine and was found to decrease with an increase
in RPM. The lowest SFC was 0.000091 m?/s kN which occurred at 82982 RPM. As
the test rig is stationary, the propulsion efficiency was calculated to be zero. Therefore,
the thermal efficiency was used as a comparison to the Carnot efficiency. The thermal
efficiency reached a maximum of 30% at the maximum RPM value of 82982 where the
Carnot efficiency was 37%.
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Chapter 1
INTRODUCTION

1.1 Project Title
1.2 Project Description

In an open gas turbine cycle as shown in Figure 1.1. Atmospheric air is continuously
drawn into the diffuser to slow down the fast-moving air which is then compressed and
ignited to causing the cycle to eventually become self-sustaining while still producing
thrust out through the end nozzle which uses a reducing area to increase the exit
fluid velocity which creates propulsion. Figure 1.2 represents a temperature entropy

diagram for a turbojet engine [2].

Tt T Turbine

Combustion
Net Work
) Out
Compressor (\/ Turbine - Compressor

Nozzle

Intake Net Work
Diffoser Nozzel
S

Figure 1.1: Schematic of Turbojet engine  Figure 1.2: Ts diagram for a turbojet engine

1.2.1 Ideal Air Standard Analysis of the Brayton Cycle

The working fluid through the cycle is air, which behaves as an ideal gas. The temper-

ature rise in the heat exchanger is due to heat transfer from an external source. With



this analysis, the complex combustion process and the change is the working fluid dur-
ing the mixture is avoided. As a result, this modelling is a simple yet effective analysis
of the gas turbine. If the Brayton cycle is further analysed on a cold-air standard, the
variation in specific heats can be neglected. Figure 1.4 is a temperature entropy dia-

gram illustrating the direction of energy transfer between the numbered points in the

cycle
Heat Energy In
l T
2 0
Cycle
Power
Compressor Turbine [ =

Heat Energy Out S

Figure 1.3: Air standard gas turbine cycle  Figure 1.4: Ts diagram with irreversibilities

Using Figure 1.6 and the cold-air analysis the compressor exit temperature Ts, can

be calculated using Equation 1.1 with k being the specific heat ratio [5].

k-1

Ty, = T} (72> (1.1)
D1

Similarly, the turbine exit temperature T,, can be calculated using the respective values
for the turbine [5]. Also from Figure 1.6, the compressor and turbine efficiencies can

be deduced as stated in Equation 1.2 and 1.3 respectively.

Tl - TQs

= 1.2

e =5, (1.2)
T35 — 1Ty

= 1.3

N Ty — Ty, (1.3)

Equation 1.1 to 1.3 can be applied using the air standard analysis by using the en-
thalpy values in place of the temperature values at each specific state. The thermal
Carnot efficiency of the cycle is then represented by Equation 1.4 [1] which can also

be represented as Equation 1.5:



nbzl—ﬂ (1.4)
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The standard Brayton cycle [6] can be modified in different ways to benefit a spe-
cific end result. By manipulating the operating temperatures and pressure ratios, the
thermal efficiency and net work of a cycle can be altered using Equation 1.2 to 1.5.
This can be made clear in Figure 3.1 and 3.2 which illustrate how efficiency and work

changes based on specific parameters.

Cycle A: 1-2"-3"-4’-1
larger thermal efficiency

,— Turbine inlet
3 temperature

’

Cycle B: 1-2-3-4-1
1 larger net work per unit of mass flow

2</
— 4

S

Figure 1.5: Ts diagram of two cycles with different parameters [1]
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Figure 1.6: Thermal efficiency vs Compressor Pressure ratio [2]

1.2.2 Specific Fuel Consumption

This is the amount of fuel consumed by the jet engine per unit time per unit thrust [7].
It is an essential parameter to assess the performance of the different engines as it
depicts the amount of fuel used [8]. The specific fuel consumption can be calculated

using Equation 1.6:

m
SFC = Throst (1.6)
where:
Thurst = m = Exit Velocity (1.7)



1.2.3 Gas Turbines for Aircraft Propulsion

Turbojet engines are commonly used in aircrafts because they have a power to weight
ratio of 6-10 kW/kg [9] which will increase efficiency as this helps minimising fuel con-
sumption. The thermal efficiency formula for a jet engine is described in Equation 1.8,

while the propulsion efficiency is described in equation Equation 1.9:

Mair kes
el (Calorific value)
2V,
Npropulsion = m

(1.8)

M =

(1.9)

The work for the compressor and turbine can be analysed by conducting an energy
balance across each component. The work for the turbine and compressor is calcu-

lated from Equation 1.10 and 1.11 respectively:

W, = 1i(hs — hy) (1.10)

1.3 Motivation

The gas turbine is the primary method of propulsion for most modern aircrafts. The
performance and efficiency of the engine directly associated with marking air travel
more viable and increasing the commercial uses while decreasing the cost of fuel and
lowering the amount of harmful gases in the atmosphere. If any advancements are
made in the improvement of gas turbines, it would transform the aerospace industry to
a new level with greater possibilities. By looking at each component it is necessary to
analysis how different performance parameters, such as specific fuel consumption and
efficiencies influence the system as a whole. This experiment investigates the perfor-
mance of gas turbine in laboratory conditions and allows one to familiarise oneself with

the components and operation.



1.4 Project Scope

Analyse the performance of the turbine, compressor and the cycle in respect to

engine speed.

« Calculate the efficiency of the turbine, compressor and the cycle efficiency with

respect to the engine speed.

« Compare calculated efficiencies from measured data with expected theoretical

efficiencies and the Carnot efficiency.

« Compare measured thrust generation with calculated theoretical thrust at differ-

ent speeds.

» Determine a relationship between the specific fuel consumption of the engine

with the variation of engine speed.

» Examine possible factors that dampen performance with viable reasons and pro-

vide possible solutions for better efficiencies.

» Compare the performance of the gas turbine during a hot run (increasing speed

with fuel injection) verses a cold run (decreasing speed from a maximum speed).

1.5 Project Overview

The rest of the thesis is arranged in this way:
Chapter 2, Literature Review of the work done in this project.
Chapter 3, will discuss about the Experimental details and Methodology
Chapter 4, Results and performance will be discussed.
Chapter 5, result discussion and

Chapter 6 presents the conclusions and recommendations regarding the project.



Chapter 2
LITERATURE REVIEW

2.1 Background and Overview

Turbines were first successfully built around the 1930’s. The turbines built in this era
had simple cycle efficiencies of approximately 17% [10] mainly because of low turbine
and compressor efficiencies and low turbine inlet temperatures due to metallurgical
limitations [11]. Steam turbines were then developed and initially used in power plants
for power generation as turbines became capable of producing large amounts of power
in the excess of 500 MW with efficiencies of close to 35% [11]. However, the steam tur-
bines large furnaces made it impossible to incorporate into mobile applications. This
lead to the development of gas turbines. Gas turbines rotate directly in the hot com-
bustion gases therefore allowing the design to become more compact. With this new

design, the gas turbines could now be used for aircraft propulsion.

2.2 Components of a Gas Turbine

The fundamental working principle of a gas turbine is to suck air in through the com-
pressor which will increase the pressure of the air before passing it into the heat ex-
changer. In the heat exchanger fuel is added at high temperatures to the high-pressure
air where it self-ignites. The process further increases the temperature of the air while
creating an air-fuel mixture. This mixture then passes through the turbine which pri-
mary function is to drive the compressor. The residual mixture is channelled through
the exhaust. The exhaust uses a variable area nozzle that can vary the velocity of the

fluid which thereby changes the amount of thrust produced [12].
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Figure 2.1: Major components in a Jet engine [3]

2.3 The Compressor

Gas turbine efficiencies are largely dependent of the pressures that can to generated
by the compressor. Because of this, high performance engines incorporate multi-stage
compressors which allows a greater pressure ratio to be achieved as well as better
performance. Figure 2.2 is an illustration of a triple spool compressor which is used in

high performance jet engines.

Intermediate SR
Pressure e\
Compressor

High Pressure
Compressor

Figure 2.2: Triple spool compressor [4]

2.4 The Heat Exchanger

The heat exchanger takes in highly compressed air which fuel is added to and ignited
spontaneously since the incoming air temperature is greater than the fuel’s thermal
ignition temperature. Cool air is channelled on the exterior of the heat exchanger to
control the temperature across the walls. Figure 2.3 illustrates the fluid flow through a

standard heat exchanger.



Cool Air

Air-Fuel
‘ Mixture

Injected Fuel

Figure 2.3: Heat exchanger [3].

2.5 The Turbine

The air-fuel mixture from the heat exchanger now passes through the turbine and
rotates the turbine blades thereby doing work to drive the compressor. The turbine is
connected to the compressor via a driveshaft which has a reduction gearbox which to
allow more torque to be transferred to the compressor which allows the compressor
to achieve greater pressure ratios. This also stops the engine from stalling as the
torque allows the compressor to overcome the induced pressures of the exit air of the
compressor with the rotation of the turbine assembly. Figure 2.4 illustrates a turbine

assembly.
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Figure 2.4: Typical Turbine assembly [3].



Chapter 3
Methodology / Problem Setup

3.1 Apparatus

A complete test rig was used, the Minilab™ Gas Turbine Power System which en-

closed the SR-30 Jet engine [13] with the following components:

Fuel atomization nozzle (with silencer)

Centrifugal compressor

Fuel controller

Annular combustor

Axial flow turbine

Thrust nozzle

Engine

:|<—Exhaust

Enclosure

E.G.T Display l

[

Tempeae— ] 1 10
RPM Display oo o0 HRERIIERE

L) Throttle

Figure 3.1: Basic layout of the Minilab™ Gas Turbine Power System

This control station displayed in Figure 3.1 allows the operator to control the fuel

sent to the engine by adjusting the throttle which will change the speed of the engine.
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The speed can be monitored with the RPM display located on the control board, along
with the turbine inlet temperature and the exhaust gas temperature on separate di-
als. Other readings like oil pressure and air-start pressure are also displayed to the
operator.

There are sensors attached to each of the previously listed components which are

listed with the respective uncertainties:

Table 3.1: Instruments used to measure varies parameters

Quantity measured Device used

Pressure at varies stages Setra Model 256 (+ 256 PSIG)

Thrust force TTL generator (+0.5rpm)

Fuel flow Setra Model 209 (+100 Gal/hr)

Temperature at varies stages | K-type Thermocouple

rrrrrrrr

Compressor Inlet

Temperature

Figure 3.2: SR-30 Jet engine with all recording sensors

3.2 Methodology
3.2.1 Engine set-up procedure

» The entrance to the laboratory is closed and an extractor fan is switched on which

relieves harmful emissions from the enclosed room to the external atmosphere.

» The data acquisition system is enabled and set up to record the required param-

eters of the engine at a given time interval.

11



» Power is supplied to the test rig and the engine ignition is switched on so start up

can then proceed using a jet of pressurised air.

« Once the engine is at approximately 10 000 rpm, fuel can now be injected and

ignited.

» Once the engine speed is approximately 40 000 rpm, switch off the ignition and

air as the engine can now sustain itself.

|:I] Fan & Air-Duct Exhaust Ducting____
Gas

System L TestRig

Figure 3.3: Schematic of laboratory layout

3.2.2 Operational Procedure

» Once the engine is running, increase the engine speed in increments of 5000

rpm from a minimum of 60 000 rpm to a maximum of 85 000 rpm.

» Allow the engine to reach an equilibrium at each selected speed by leaving
the engine idle for approximately 90 seconds for the data acquisition system

to record appropriate readings.

 Adjust the engine speed using the throttle to increase speed during a “hot run”

and decrease the speed for a “cold run”.

» During each stage of varying engine speeds, the exhaust gas temperature and

turbine inlet temperature should be recorded.

» Once the maximum testing speed is achieved, a reduction is speed of equal

increments should be conducted and recorded.

« All operating parameters should be recorded by the data acquisition system in

addition to the ambient air temperature and pressure.

12



» Once testing is complete, the engine should be brought back to its idle speed
and left to run at this speed for several minutes. This allows the engine to cool
down, after which the fuel supply to the engine can be cut. The engine will then

spool down until it stops.

3.3 Precautions
3.3.1 Safety Precautions

» Ear protection is required at all times for everyone present during operation of
the gas turbine since the noise produced by the engine and/or extractor fan can

cause permanent hearing loss or ear damage.

» The exterior of the exhaust should not be touched throughout the experiment as

the operating temperatures are in the region of 600°C.

3.3.2 Operating Precautions
» Check fuel and oil pressure is sufficient before starting.
 Turn compressor manually to ensure that it can rotate freely.

A red-light indicator on the test rig will indicate if the oil pumps are working,
however once the engine is running the light should switch off, if light remains on

the engine should be switched off as there is a problem with the pumps.
» Ensure the air flowing into the system is undisturbed and uninterrupted.
« Operate the throttle cautiously, to avoid fluctuations in engine speed.

+ At each stage of testing the engine should be allowed to reach a steady state.
This ensures that the data is representative of the engines performance for that

speed.
» Ensure compressor is rotating before starting up.

» Do not allow any foreign material to get sucked in by the compressor.

13



» Specific temperatures and pressures for different components should never ex-

ceed those of which that are listed in Table 3.2:

Table 3.2: Maximum allowable readings

Turbine inlet temperature 900°C
Exhaust gas temperature 600°C

Oil pressure 10 — 30 PSI
Fuel pressure 150 — 200 PSI
Air pressure 100 — 150 PSI

14



Chapter 4

Results and Analysis

4.1 Observations

During the initial stages (i.e at low RPM’s), flames from the exit nozzle were observed.
Once the engine ran up to the higher RPM’s, it displayed no distinctive characteris-
tics and continued to operate predictably, producing more noise as the engine speed
increased.

The sensors on the test rig measured the operating parameters such as pressures
and temperatures at varies points in the cycle, these specific parameters were mea-
sured at regular time intervals. Laboratory conditions and various properties were

measure which are noted in Table 4.1:

Property Value

Patm 83640 Pa
Density of kerosene 797 kg/m?
Density of air 1.23 kg/m?
Lower calorific value of kerosene 43 000 kJ/kg
Inlet diameter of compressor 2.78”
Ambient temperature 17°C

15



4.2 Data Processing

From the raw data measured, Figure 4.1 to 4.3 were plotted. All the horizontal lines in
these figures represent steady state values. All these values were taken into account
by averaging each horizontal line resulting in steady state values for each of the desired

RPM'’s for conducting this experiment.

Compressor Inlet Pressure vs Time

04
£03
% 0,2
§ 0,1
A~ 0
00:00:00 00:07:12 00:14:24 00:21:36 00:28:48

Time (min)

Figure 4.1: Raw data for Compressor Pressure

Compressor Inlet Temperature vs Time

300

(\o]
S
-

100

0
00:00:00 00:07:12 00:14:24 00:21:36 00:28:48

Time (min)

Temperature (°C)

Figure 4.2: Raw data for Compressor temperature
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100000 Revoltuions per minute (RPM) vs Time

80000
= 60000
[}
~ 40000
20000 ‘\
0

00:00:00 00:07:12 00:14:24 00:21:36 00:28:48
Time (min)

Figure 4.3: Raw Data of RPM vs Time

A complete table with all steady state values for each parameter measured by the

data acquisition system can be found in Appendix A.

4.2.1 Assumptions

All calculations performed on raw data used an ideal Brayton cycle analysis using
an air standard and cold-air standard approach. Specific values listed in Table 4.1
were assumed to be constant, these values were fixed as the temperature variation at

particular states was negligible.

Table 4.1: Constant values

Constant Value
Specific heat ratio (k) 1.4

C, across the turbine 1.1 kd/kg

C, across the compressor | 1.0245 kJ/kg

Other assumptions also considered:

« Each component was modelled as a control volume at steady state with no losses

from the system

» When performing an energy balance, the effects of kinetic and potential energy

was ignored.

17



4.2.2 Sample Calculations and Uncertainty

A simple calculation was performed on the maximum RPM value which can be found

in Appendix B. The uncertainties for key parameters are calculated below:

Uncertainty for the isentropic compressor exit temperature:
2 2
st = (ran) "+ (s00)  (:0)

b1 2 it 2 k-1 2

e ; :

- J ((‘) k ATl) * <T1 (5) Am) + (—T1 (%) e Ap1>
Py Py

= 4.663 x 1075 K

Uncertainty for the isentropic turbine exit temperature:

2 2 2
ATy, = \/(%TT“;AT3> + (%Am) (%AP?,)

=3.659 x 107° K

Uncertainty for the compressor efficiency:

Anc:\/ (‘”%ATl) + (e ATQS) (‘”%A:@)

= 3.868 x 1071%

Uncertainty for the turbine efficiency:

ar = /(38 + (Gman) s (san)’

=4.283 x 107%%

Uncertainty for the Carnot cycle efficiency:

Mo v

= 1.802 x 1071%

18



4.2.3 Uncertainty for the SFC value:

ASFC = ¢ (25EC A + (Z8EC AT hrust)®

=1.886 x 107" kg.kg=t.s7!

4.3 Results

From the data calculated across the various RPM’s using cold-air and the air standard
analysis, the graphs in figures 17 to 35 were plotted to analysis the performance of
the gas turbine SR-30 used in the experiment. Both a hot run and a cold run were

analysed and plotted to effectively determine trends between different parameters.

162 107" RPM Vs SFC [m3.fsnc kN) 5 RPM Vs THRUST (N)
SFC (misec k) | | CALCULATED THRUST |
) | EXPERMMENTAL THRUST
15 B0 — - ———
14 55 |
g -
7 L Sl
:,% 13 = 50
Gier I a5 =
LL
oy
1.1 40 r
1 35T
i 62 64 66 68 7 72 T4 78 T8 a G 62 64 66 68 7 72 T4 T8 T8 a
RPM x10% RPM x10%
Figure 4.4: Specific Fuel Consumption of Figure 4.5: Thrust created by engine
engine
i RPM Vs Efficiency z Thermal Efficiency Vs Compressor Pressure Ratio
u.a T T T T T L% N T T 7
Thermai Efficency |
—Camal Eflaancy 0.28 |
0.35 =
0.26
0.3 0.24 |
g B o0
.~ - 0.22
5} 0.25 1 5}
L & 02
02| 048 ¢
e .
0.16 |
D15 |
| === 014
0.1 B o0az
i} 62 64 66 68 7 72 T4 78 T8 a 1 1.5 2 25
RPM e Tind Pressure Ratio

Figure 4.6: Efficiency of Engine compared  Figure 4.7: Engine Efficiency compared to
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Risk type | HISK Severity | Likelihood | N1sK Action | 5 ction
description score Type
Hearing Use ear
Ergonomic damage due to Major Likely 8 PPE protectlor) atall
noisy times during the
environment experiment
Stand clear of
turbine during
operation and
Turbine ensure all items
Mechanical | operating at Major Possible 7 PPE in the room are
high speeds securely placed
so they do not
get sucked in by
the compressor.
Highlight areas
Many with large
Mechanical wires/cables Moderate | Possible 4 Procedure amounts of
that someone cables or use
can trip on alternate routes
to move around
Exhaust gases Ensure
Chemical | contain CO and | Major Certain 6 Procedure | extractor fan is
Cc0o2 switched on
Ensure nothing
. Flammable . . Procedure | flammable is
Mechanical substances Major Possible 7 PPE kept within the
room
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Chapter 5

Discussion

The single stage, centrifugal compressor from Figure 4.8, the exit pressure of the com-
pressor increased with an increase in RPM from a minimum of 96.90kPa to a maxi-
mum of 223.42kPa. At these higher RPM'’s the mass flow rate of air increases as seen
in Table C.3 increasing from an initial 0.0047kg/s to 0.0055kg/s. This indicates that
the more air drawn in by the compressor results in a higher exit pressure and higher
RPM’s. The same trends displayed by the compressor pressure can be confirmed as
the compressor temperature relations are analogous to each other.

The compressor efficiency with respect to RPM is shown in Figure 4.13, which
indicates that the efficiency of the compressor increases with a higher RPM. The com-
pressor efficiency at the initial 60326 RPM was 11% using the cold-air analysis and
11% with the air standard analysis. The efficiency then increased to a maximum of
50% using both the cold air- and air standard respectively at an engine speed of 80982
RPM, which inherently is the maximum RPM achieved. However, the compressor effi-
ciency reduces again during the cold run to 36.38% and 36.48% using cold-air and air
standard analysis respectively. This implies that the compressor is the least efficient at
start-up and reaches a maximum efficiency at the maximum engine speed. However,
the efficiency at lower RPM’s is better when the engine speed is being slowed down
(cold run) which could be attributed to conservation of momentum of the engine and
the engine consuming more volumetric air flow per unit RPM. Also in Figure 4.13, the
analysis for cold-air and air standard both provide results within 1% of each other with
the exception of the initial RPM where the air standard analysis provides a difference
of 5% higher than the cold-air analysis. In general, the compressor will always be

more efficient at higher engine speeds and should lie between 40% to 51% in these
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conditions.

The turbine which produces the power for the compressor and the thrust for the
system. The minimum and maximum inlet pressures are 97.17kPa and 223.64kPa
respectively, which is shown in Figure 4.9 shows the maximum inlet pressure occurs
at the maximum of 82982 RPM. This proves the thermodynamic theory that pressure
is constant through a heat exchanger which only increases the temperature of the
working fluid, as the exit pressure from the compressor is seen as the turbine inlet
pressure. This results in the turbine displaying the same treads as the compressor with
respect to the pressure verses RPM as seen in Figure 4.9. The turbine exit pressure is
higher than the atmospheric pressure at all RPM’s, which implies that the total internal
energy from the working fluid after combustion does not transfer to the turbine work [8].
The working fluid is expected to expand from the turbine exit pressure through the
nozzle to the atmospheric pressure and thus creating thrust.

When the expansion of the working fluid through the turbine occurs, it is antici-
pated that the internal energy of the working fluid transfers energy to the turbine, this
would result in the turbine exit temperature being less than the inlet temperatures to
the turbine, by looking at Figure 4.11, this is not the case. When looking at the tur-
bine efficiencies in Figure 4.13, there is a basic trend that the efficiency increases with
RPM, although there is not a definitive trend with the cold-air and air standard analysis
like the compressor. There are also negative efficiencies in the lower RPM values,
this indicates that the turbine transfers energy to the working fluid, during the expan-
sion process. This is impossible as it represents a perpetual device [14]. Figure 4.12
also displays no coherent results as the cold-air and air standard analysis do not cor-
respond for the turbine power verses RPM as most values are scattered. Possible
justification for this coherent error, is that the temperature sensor that measure the
turbine exit temperature is defective as combustion deposits settle on the sensor and
alter the readings taken. Another reason that could attribute to this problem is the fuel
delivery system, there is incomplete combustion in the air-fuel mixture which travels
through the turbine. Therefore, no conclusion can be drawn about the turbines actual
performance as the fundamental raw data values measured are incorrect. Therefore,
turbine efficiencies and power analysis could not be completed effectively.

From Figure 4.5, the expected thrust and actual thrust produced is moderately
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linear with an increase in RPM. It also can be deduced that more thrust is produced
when the engine is warm is greater than when the engine is in the initial stages. During
the initial speed of 60326 RPM the measured thrust was 30N and the calculated thrust
was 31N. This shows that even at a lower RPM the engine produced more thrust
when the engine is warm and decreasing in RPM. It is also seen in Figure 4.5 that the
measured thrust is always lower than the calculated thrust from equation 1.7. This is
because equation 1.7 does not account of losses and irreversibilities in the system,
therefore the equation will always overestimate the actual thrust that an engine can
develop.

The specific fuel consumption (SFC), is the amount of fuel used per unit time per
unit thrust. This is effectively the fuel efficiency of the engine. As seen in Figure 4.4, the
SFC decreases as the RPM increases, this means that the engine is consuming less
fuel as the RPM is increased, making the engine more efficient at higher RPM’s. Even
though at higher RPM’s the fuel flow rate is higher, the amount of thrust it produces
with increased engine speed surpasses the rate at which it consumes fuel. It can also
be seen that less fuel is consumed when the engine is slowing down, as the SFC at the
initial RPM of 60326 is 0.000152 m?/s kN compared to 0.0009029m?/s kN when the
engine is returning to an RPM of 60326. Which means that accelerating the engine
creates a greater fuel strain with direct proportionality. The minimum SFC value is
0.000091 m?/s kN which occurred at the maximum RPM value of 82982, this minimum
value would indicate the area where maximum efficiency would occur.

The propulsion efficiency is calculated using equation 1.9, however in this equation
the numerator is Va which is the velocity of the entire aircraft through the air. In this
experiment, the test rig was fixed to a stationary position on the laboratory. Va then
is zero and the entire propulsion efficiency term is also zero. This does support the
definition of propulsion efficiency as it represents how well energy is converted into
useful propulsion [9]. Since the test rig is stationary, there can be no raw data to
measure actual propulsion to compare the propulsive energy capable of the system
in order to generate an efficiency. For this reason, only the thermal efficiency will be
considered as a reliable gauge for performance for this gas turbine.

The thermal efficiency of the cycle is calculated specifically for a gas turbine us-

ing equation 1.8 as the general thermodynamic equation for thermal efficiency would
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not be suitable as it uses data from the turbine which has been proved inconclusive.
Equation 1.8 uses the fundamental principle of gas turbines by measuring the air-fuel
ratio used with the kinetic energy produced compared to how much energy is stored
in the fuel by its lower calorific value. This thermal efficiency displays a linear trend in
Figure 4.6 against RPM, which means that the maximum efficiency will occur at the
maximum RPM. This result is supportive of the conclusion reached when analysing
Figure 4.4 with the SFC. In Figure 4.6, the thermal efficiency calculated for the gas
turbine is always less than the anticipated Carnot efficiency and this is expected as
there are many losses and irreversibilities within the system, so it would always be im-
possible to achieve the Carnot efficiency. The closest to the Carnot efficiency occurs
at the maximum RPM where the Carnot efficiency is 37% while the calculated thermal
efficiency is 30%.

From equation 1.5 for a cold-air standard ideal Brayton cycle, the Carnot thermal
efficiency only depends on the pressure ratio of compressor, which is dependent on
the RPM the engine is operating at. By considering the theoretical thermodynamic
plot in Figure 1.6 with anticipated thermal efficiency against the compressor pressure
ratio, the cycle becomes asymptotic as the efficiency tends to 60% and therefore an
increase in the pressure ratio across the compressor would not increase the thermal
efficiency. However, by looking at Figure 1.5 which compares the work and efficiencies
on a Ts plot of two different gas turbine cycles, it can be seen that when increasing the
pressure ratio to increase the efficiency of the cycle, the area enclosed of the Ts plot
is reduced. This area represents the net work of the system. Therefore, a gas turbine
with high a thermal efficiency would produce very little work or require a large mass
flow rate to achieve the same work. For this reason, the ideal operating

Efficiency for a gas turbine should be between 20% to 50%. By looking at Figure 4.7
and 4.15, the thermal efficiency and compressor efficiency increases with an increase
in compressor pressure ratio although, the pressure ratio and efficiency is capped as
the net work produced had to have been a finite number at each stage.

With the various assumptions, idealisations and appropriate modelling it can be
determined that the method of analysation used is fairly accurate when modelling a
gas turbine. Both cold-air and air standard provide reasonable results with marginal

uncertainties. The issues with the turbine lead to inconclusive results regarding the
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turbine, but the rest of the components and the thermal efficacy could be accurately

modelled and when compared to theory, similar findings was presented.
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Chapter 6

Conclusion

 The efficiency of the compressor which was around 40%, is dependent on the
pressure ratio across the compressor, which is dependent on the speed of the

engine and is higher when the engine is warm.

* No clear conclusion could be reached with regard to the efficiency of the turbine,

as there were errors with the fuel delivery.

» The calculated thermal efficiency of the cycle was always less than the Carnot
efficiency, the Carnot efficiency gave a comparison as to where the thermal effi-
ciency was closest to a maximum which was at the higher engine speeds where

there was only a 5% difference.

« The measured thrust was always less than the calculated thrust, the measured
thrust was more than half the anticipated calculated thrust values. The decrease

was as a result of energy losses and irreversibilities.

» The thermal efficiency of the cycle is dependent only on the pressure ratio of
the compressor. The engine operated in a viable region of 18% to 41%, which
predicted by thermodynamic theory is an acceptable range for efficiency and net

work.

» The SFC of the engine decreases as the speed of the engine increases, indicat-
ing that the thrust generated surpasses the fuel consumption rate with respect to

an increase in engine speed.

» There was a significant increase in efficiency and decrease in SFC when de-
creasing engine speed as to accelerating to a higher speed with an increase in
9% in efficiency and - 0.0000135m? /s kN in SFC.
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Appendix A

Table A.1: Averaged Data Set 1

RPM Rev:alz/t;ons Tirrz::1 i\Ilqa)lue F(L||<eél/ls=tlac:;v Thrust (N)
60326.04 | 6345.817 0.004757 0.0038 30.08
64954.46 | 6829.969 0.005938 0.0040 36.17
70491.79 7414.431 0.007049 0.0045 45.21
75963.39 | 7924.633 0.008252 0.0055 45.86
82982.44 | 8390.300 0.009282 0.0066 46.99

Table A.2: Averaged Data Set 2

RPM Ircl:lgnf 1 ECx (:tm sz Turb Inlet | Turb Exit | Noss Exit

(kPa) (kPa) P3 (kPa) | P4 (kPa) | P5 (kPa)
60326 3.17 96.90 97.17 7.35 6.88254
64954 3.83 117.33 117.30 8.92 8.30711
70491 4.83 145.86 145.99 12.20 11.52781
75963 6.01 177.88 177.86 14.97 14.50509
82982 7.80 223.42 223.64 20.80 17.49646
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Table A.3: Averaged Data Set 3

Comp Comp Turb Inlet | Turb Exit EGT T5
RPM Inlet T1 Exit Temp | Temp T3 | Temp T4 (K)
(K) T2 (K) (K) (K)

60326.04 | 284.30 365.98 884.08 521.38 709.26
64954.46 | 284.88 379.45 948.96 542.48 739.81
70491.79 285.14 397.52 922.30 571.23 737.13
75963.39 286.24 422.90 1010.77 587.82 757.87
82982.44 | 286.15 452.17 1043.71 625.14 804.13
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Appendix B

Units Value

PSI to Pa x6894.76
Gal/hr to m?/s X6.31 x 107°
Lbs to kg x0.453592
Lbsto N x4.44822
RPM to rad/s x0.10472
°C to Kelvin +273.15
L/hr to kg/sec x0.00028

Cold Air Analysis

Isentropic Compressor exit temperature

k-1

Tk
Ty, = T} (@)
D1

Ths = 369.357 K

Isentropic Turbine exit temperature

kE—1

Tk
Ty =T, (]2)
2!

Tys = 529.491 K
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Carnot Cycle Efficiency

m = 0.367
Air Standard Analysis
B _pn
Py Dr2
Compressor
o h2s - hl X
e =
(7. = 0.50

From Table A-17 @Cengel Thermodynamics Ed 9

QT = 369.357 K, hoy = 369.51 KU/Kg , @T) = 286.15 K hy = 286.14 KJ/Kg
, @T, = 452.17K , hy = 452.80 KJ/Kg

Turbine

ha—hy
B h3 - h4s
m = 0.821

From Table A-17 @Cengel Thermodynamics Ed 9
@7y, = 529.491 K | hyy = 53340 KU/IKg , @73 = 1043.71 K, hy = 1091.85 KJ/Kg
, @T,; =625.14 K, hy =633.14 KJ/Kg

Exit Velocity
2. P

pair
Vi = 182.50 %
S

‘/\r):
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Kinetic Energy

V2
k’65 = 75
kes = 16653.06 kj
kg
SFC
m
SFC =
Thrust
SFC = 0.0.000109 m*/sec kN
Thrust

Thrust = . x Exit Velocity

Thrust =61 N
Thermal Efficiency
o mairkeE)
= 1 .1 (Calorific value)
= 0.30
Propulsion Efficiency
_ V% 0
Mpropulsive = 1 = 189 50 + 0
=0
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Appendix C

Important Values from Processed
Data

Table C.1: Processed Data 1

Comp Qo_mp Turbine Tu.r b-lne Carnot
Efficienc | C'liciency Efficiency | THCeNC | cycle
RPM P2/P1 ; (Air P4/P3 Y | (Air -V
(Cold air (Cold Air Efficiency
- standard . Standard-
analysis) - analysis) - (1-T1/T2)
analysis) analysis)
60326 1.12 0.11 0.11 0.94 0.79 0.79 0.22
64954 1.34 0.26 0.26 0.79 0.82 0.83 0.25
70492 1.65 0.39 0.39 0.66 0.75 0.76 0.28
75963 1.98 0.45 0.46 0.55 0.83 0.86 0.32
82982 2.44 0.50 0.50 0.47 0.81 0.82 0.37

Table C.2: Processed Data 2

RPM V5 m/s Ki?:;i;,:) 'i;‘ggy
60326 109.25 5967.35
64954 120.01 7200.82
70492 140.61 9885.71
75963 155.35 12066.12
82982 182.50 16653.06
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Table C.3: Processed Data 3

o | oo | e, | FUSIOW SFOL g | el | o | Themel
lated) N

60326 30 31 17.00 0.000152 0.431 0.0047 0.435 0.13

64954 36 36 18.20 0.000137 0.431 0.0050 0.436 0.14

70492 45 46 19.45 0.000114 0.431 0.0052 0.437 0.19

75963 46 51 19.52 0.000107 0.431 0.0054 0.439 0.22

82982 47 61 19.90 0.000091 0.431 0.0055 0.440 0.30
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